Abstract. Mutations in the PKD2 gene cause autosomal dominant polycystic kidney disease (ADPKD) in humans. The protein encoded by PKD2 has similarity to voltage-sensitive cation channels and TRP channels and was named polycystin-2 (PC2). In agreement with this structural information, expression of PC2 in Xenopus oocytes or reconstitution of human PC2 in planar lipid bilayers produced Ca 2ϩ -activated cation channels. Although these studies provided a basic description of the biophysical, regulatory, and pharmacologic properties of the PC2-induced channels, it is still unknown how defective PC2 activity leads to cyst formation and expansion in ADPKD patients. To establish a genetic model for studying PC2 function and regulation, the authors identified and cloned a Drosophila PC2 (DmPC2). It is here shown that expression of DmPKD2 in Drosophila S2 cells produced a novel channel. On the basis of the similarity of this channel's properties to mammalian PKD2-induced channels, this Drosophila channel is expected to provide a convenient genetic model for dissecting the mechanisms underlying ADPKD.
Polycystin-2 (PC2) is an approximately 110 kD transmembrane protein having sequence and structural similarities to voltagedependent cation channels and TRP channels (1, 2) . Mutations in the PKD2 gene that encodes PC2 cause autosomal dominant polycystic kidney disease (ADPKD). This genetic disorder occurs at a frequency of 1:400 to 1:1000 (3) and is characterized by large fluid-filled cysts in the kidney and other target organs (4, 5) . The formation and expansion of cysts progressively destroys the normal parenchyma and often causes end-stage renal failure, requiring transplant or dialysis (3, 5) .
Heterologous expression of human PC2 after injection of Xenopus oocytes with PKD2 cDNA introduced novel nonselective cation channels in the plasma membrane and endoplasmic reticulum (6) . These channels conducted both monovalent and divalent cations (Na ) did not serve as efficient charge carriers (6) . Increasing calcium from 100 nM to 1 M at the cytoplasmic surfaces of excised inside-out patches evoked a transient increase in open probability (P o ), suggesting that channel opening is regulated by intracellular calcium (6) . Similar effects of calcium were also demonstrated for a murine PC2 homologue, polycystin-L (PCL), expressed in Xenopus oocytes (7) . The calcium dose-response relation has been quantified only for the PC2 channels reconsitituted in planar lipid bilayers, and the K M was approximately 7 M. No specific blockers of PC2 or PCL have yet been identified, but La 3ϩ , Gd 2ϩ , or amiloride were shown to inhibit current (6, 8, 9) .
Although previous studies demonstrate that PC2 likely functions as a calcium-activated cation channel and provide a basic description of its properties, many important questions remain unanswered regarding the upstream mediators that are responsible for regulating channel function and the downstream signaling pathways that normally serve to prevent cyst formation. In one study, PC2 was shown to localize to the endoplasmic reticulum of renal epithelial cells, and expression of PC2 in LLC-PK 1 kidney cells enhanced vasopressin-induced intracellular Ca 2ϩ release (10) . In a subsequent study, PC2 was localized on the primary cilium of renal epithelia and appeared to mediate Ca 2ϩ influx in response to changes in apical fluid flow (11, 12) . Additional information is needed to understand the relative importance of these divergent observations and to identify the mechanisms underlying ADPKD.
As many signaling mechanisms are conserved throughout phylogeny, one possible means of elucidating the PC2-mediated regulatory pathways is to use Drosophila as a model. Drosophila has shorter generation time compared with vertebrates, and sophisticated tools have been developed that greatly facilitate genetic and functional analyses. The aim of this study was to identify a Drosophila counterpart of PC2 and assay for channel activity. Using known PC2 proteins as query, we identified several putative PKD2 homologues in the Drosophila genome by BLAST (13) . Of these, the one located at cytological position 33E3 (accession #CG6504) is most closely related to the mammalian PKD2 genes. We cloned cDNA (accession #AY283154) for the fly PKD2 at 33E3 (referred to as DmPKD2) and found that it encodes a 924 -amino acid polypeptide (referred to as DmPC2) that is predicted to have a nearly identical structure to the PC2 family of cation channels. Stable transfection of this cDNA into cultured Drosophila cells produced a novel channel that was activated after addition of Ca 2ϩ to the bath solutions of excised inside-out patches and conductive to Ba 2ϩ , Ca 2ϩ , and Na ϩ and relatively impermeable to Cl Ϫ . Thus the properties of the DmPKD2-induced channel appear similar to those previously reported for mammalian PC2 and PCL.
Materials and Methods

Identification and Cloning of Drosophila PKD2 cDNA
We identified Drosophila PC2 (DmPC2) (translation of CG6504) via a BLAST search (13) of Flybase (http://flybase.bio.indiana.edu: 82/) by querying with human and mouse PC2 amino acid sequences (AAC16004 and NP032887). As the cDNA for this gene was unavailable from several Drosophila cDNA libraries, we initially cloned a partial cDNA fragment corresponding to a highly conserved region of the gene by RT-PCR. Analysis of this partial cDNA provided important information regarding intron-exon structure. We then cloned the full-length cDNA of 3245 bp by a combination of RT-PCR and RACE protocols using templates derived from reverse transcription of Drosophila embryonic and adult mRNA samples. The full-length cDNA was cloned as two overlapping 5' and 3' fragments that later joined together at the unique AccIII site in pGEM -T vector and sequenced. There are four individual base differences in the cloned cDNA (AY283154) comparing to the genomic sequence (CG6504). These base differences do not change amino acid sequence and are probably natural polymorphism associated with the yw fly strain from which mRNA was extracted and used for cDNA cloning.
Generation of Drosophila PKD2 cDNA Expression Construct
The approximately 3.3-kb cDNA insert was released by SalI and ApaI from the full-length clone in pGEM -T vector, blunted, and ligated into the pMK33/pMtHY Drosophila expression vector (14) at the EvoRV site. The resulting plasmid pMK33/pMtHY-DmPKD2 allows an inducible expression of DmPKD2 cDNA under the control of a metallothionein (Mt) promoter. The pMK33/pMtHY vector also contains a bacterial hygromycin-resistance gene driven by the Drosophila copia promoter, thus enabling selection of stably transformed cell lines. The correct orientation of DmPKD2 cDNA relative to the Mt promoter was verified by restriction enzymes.
Establishment of Drosophila PKD2-Expressing Cell Line
Drosophila S2 cells (15) originally from ATCC were used at indeterminate passage. These cells are well suited for the present studies, as they have been used successfully to express other Drosophila ion channels and do not appear to contain endogenous Ca 2ϩ -activated channels (16 -18) . S2 cells were adapted to grow in HyQ SFX medium (HyClone) at 25°C and were passaged every 3 d at 1:10 dilution to maintain exponential growth. Cells were transfected with either pMK33/pMtHy containing the Drosophila PKD2 cDNA (pMK33/pMtHY-DmPKD2) or the pMK33/pMtHY empty vector using Effectene (Qiagen Inc.) following the manufacturer instructions. The cells were grown for 3 d without drug selection after transfection. Thereafter cells were exposed to 600 g/ml hygromycin B (CAL-BIOCHEM, San Diego, CA) until the cells returned to the normal doubling time of 24 h. The cells were cultured continuously under hygromycin B selection (400 g/ml) except immediately before patch-clamp experiments. Similar treatment of non-transfected S2 cell cultures with hygromycin B rendered them nonviable.
Antibody Production, Purification, and Uses
Anti-DmPC2(29/30) was produced commercially (Zymed Laboratories, Inc) by immunizing rabbits with a GST-DmPC2 (317 to 417) fusion protein that was purified from BL21 Gold (Stratgen) transfected with a pGEX-SK1 clone. Residues 317 to 417 correspond to the 99 -amino acid "insertion" located in the first extracellular loop of DmPC2. Anti-DmPC2(29/30) antiserum was partially purified to remove anti-GST antibody by preabsorption with equal volume of glutathione resin (Sigma) coupled with a unrelated GST fusion protein for 2 h at 23°C. The preabsorbed anti-DmPC2(29/30) serum was used at 1:5000 dilutions for Western blot and immunolocalization.
Western blots were performed on pMK33/pMtHY-DmPKD2 transfected Drosophila S2 cells seeded (1:5 vol/vol) in a T75 flask 1 d before treatment with 0.6 mM CuSO 4 . Cells were then counted, and samples of 10 7 cells were collected at 24-h intervals for 5 d. The cells were solubilized using a SDS buffer and separated by SDS-PAGE.
Patch-Clamp Recording and Analysis
This assay was implemented as described previously (19 -21) . Briefly, S2 cells were grown in media supplemented with 0.6 mM CuSO 4 for 1 to 5 d to induce DmPC2 expression. Cover slips containing the cells were then placed in a chamber located on the stage of an inverted Nikon microscope. All experiments were performed at 23 to 25°C. Patch pipettes were fabricated from Kimax 51 glass using a Narashige PP-83 puller and had resistances of 1 to 3 M⍀ when filled with solutions identical to the bath (114 mM BaCl 2 ; 10 PIPES). We compensated for liquid junction potentials before experiments. All clamp potentials are reported as intracellular voltages with negative and positive current signifying inward and outward flow of cations, according to convention. Currents were monitored using an Axopatch 200A amplifier (Axon Instruments, Union City, CA) and Tektronix digital storage oscilloscope. The current output was also low pass filtered at 5 kHz and recorded to VHS videotape in PCM format at 20 kHz for subsequent analyses. Recordings were played back, refiltered using a low pass 8 pole Bessel filter (Frequency Devices), and acquired to a Pentium PC hard drive using a TL-1 A/D interface (Scientific Solutions Inc) and pClamp 5.5 (Axon Instruments). Single channel amplitudes were measured using BioPatch (BioLogic Calaix, France). Time-dependent decays of the Ca 2ϩ -induced currents were analyzed by first averaging the data using a custom program or filtering using a low f c and then fitting these data to exponential decay functions (y ϭ ae Ϫkt ). SigmaPlot (SPSS) and CorelDraw (Corel Corp) were used for graphic presentation.
Patch-Clamp Solutions
The bath and pipette solutions both initially contained: 114 mM BaCl 2 and 10 mM PIPES Ϫ NMDG ϩ (pH, 6.2). This pH is physiologic for Drosophila. Barium was initially selected for study because it does not appear to interfere with known Ca 2ϩ channels, and human PC2 channels were previously shown to conduct Ba 2ϩ (6, 10) . In later experiments, we varied the ionic composition of the pipette solutions to determine ion selectivity. The Ba 2ϩ versus Cl Ϫ selectivity was assayed using pipette solutions containing: 11.4 mM BaCl 2 , 46 mM HCl, 46 mM NMDG ϩ , 215 mM mannitol, and 10 mM PIPES-NMDG ϩ (pH ϭ 6.2). Using the Nernst equation, the calculated reversal potentials (V rev ) for Ba 2ϩ and Cl Ϫ are -30 and ϩ30 mV, respectively. The Cl Ϫ to Ba 2ϩ permeability ratio (P Cl /P Ba ) can be calculated from the observed reversal potential (V rev ) using a form of the equation derived by Lewis (22): Figure 1 . Analyses of the primary structure of Drosophila polycystin-2 (DmPC2). (A) Comparison of the region with highest sequence conservation between human PC2 (AAC16004) and DmPC2 (AY283154). This region includes the polycystin motif in the extracellular loop between TM1 and TM2, TM2-TM6, and the putative P-loop sequence between TM5 and TM6. There is 40.4% identity (:) and 75% similarity (.) between the two sequences. (B) The overall sequence relatedness of DmPC2 to PC2, PC1, receptor for egg jelly (REJ), alpha subunits of N-and T-type calcium channels, and other similar proteins as calculated by the ClustalW program (29) . The tree was constructed by importing the numeric output of ClustalW into PhyloDraw (Graphics Application Lab, Pusan National University). Accession numbers are as fol-
The subscripts signify bath (B) and pipette (P) concentrations and R, T, z, and F all have the usual meanings. Provided Cl Ϫ permeability is low, the Ca 2ϩ versus Ba 2ϩ selectivity ratio (P Ca /P Ba ) can be determined using a pipette solution containing 114 mM CaCl 2 plus 10 mM PIPES-NMDG ϩ (pH, 6.2). Noting that the cation concentrations are identical on both sides, P Ca /P Ba can be calculated using a form of the simple bionic equation (23):
Similarly, the Ba 2ϩ versus Na ϩ selectivity ratio (P Ba /P Na ) can be determined using a pipette solution containing 114 mM NaCl, 114 mM mannitol, and 10 mM PIPES-NMDG ϩ (pH, 6.2). Noting that the cation concentrations are identical on both sides, P Ba /P Na can be derived by solving the following equation for species that differ in valence (24) :
Results
Analyses of DmPC2 Amino Acid Sequence
Conceptual translation of Drosophila PKD2 cDNA yields a DmPC2 protein of 924 amino acids. The TMHMM (25) and Coils programs (26) predict that DmPC2 has six transmembrane helices (TM1-TM6) and a C-terminal coiled-coil domain (residues 882 to 922). Overall, this predicted topology is nearly identical to mammalian and C. elegans PC2 family of cation channels and is similar to the TRP channels (1, 2, 27) . Comparison of DmPC2 with human PC2 using LAlign (28) showed that the region of greatest homology (75% similarity and 40.4% identity) occurs over 396 amino acids (Dm 424 -814/Hs 304 -698) as illustrated in Figure 1A . This includes the "polycystin motif," the five putative transmembrane segments (TM2 to TM6), along with the putative pore-forming "P-loop" region (2). The extracellular "polycystin motif" is highly conserved among all PC1, PC2, and polycystin-L proteins and is of unknown function. The sequence spanning TM1 (Dm 231-323/Hs 214 -304) is partially conserved (18.3% identity), while both human PC2 and DmPC2 possess proline-rich Ntermini. The tree shown in Figure 1B presents a more global comparison of DmPC2 and related proteins using ClustalW The large bidirectional deflections immediately after the arrow are artifacts caused by the addition and subsequent stirring. This record was obtained from an excised inside-out membrane patch in the presence of symmetric 114 mM BaCl 2 solutions. The holding potential was ϩ30 mV, which accounts for the positive (outward) currents. The inset in panel A shows an expanded 15-s trace, and the y-axis scaling is identical to the original. These data were low passed filtered at 100 Hz and sampled at 333.3 Hz. All data points are plotted. The Ca 2ϩ -stimulated current declined over time, and the averaged current per 10-s interval was replotted as shown in panel B. The solid line shows the best fit of these data to a single exponential function by nonlinear regression and the time constant () for the decay was estimated to be 5.4 min (R 2 ϭ 0.95). (C) Another representative record whereby the current was activated by addition of bath calcium (100 M) and subsequently decayed. This record contained Ͼ20 channels and was filtered at 5 Hz to reduce the open-channel noise and number of data points (10 Hz). The dashed line shows the best fit of these data to a single exponential decay function, and the time constant () was 5.6 min (R 2 ϭ 0.89). (D) Dose-response curve for calcium activation. These results were obtained by first adding calcium at 1, 3, 10, or 30 M (n ϭ 3 for each) and normalizing the data on the basis of the subsequent response to 100 M Ca ϩ2 . The response to 300 M (n ϭ 3) was quantified in reverse order. The error bars illustrate Ϯ SD and these points were consistent with a Hill plot (R 2 ϭ 0.99) as shown by the dashed line. The K M was 8.6 M and n ϭ 1.6. (29) . These proteins include PC2, polycystin-1 (PC1), receptor for egg jelly (REJ), and voltage-activated Ca 2ϩ channels. Importantly DmPC2 is more closely related to polycystin-2-like-2 (PC2L2) and human PC2 than other proteins exemplified by PC1/REJ3 or N-and T-type Ca 2ϩ channels. Overall, this comparison suggests that DmPC2 functions as a cation channel.
One notable divergence is present in the first putative extracellular loop between TM1 and TM2, where DmPC2 contains a 99 -amino acid sequence "insertion" that is not present in the corresponding regions of C. elegans or mammalian PC2 proteins. We produced an antibody, anti-DmPC2(29/30), against this sequence. This antibody detected a major protein band at 122 kD on Western blots of Drosophila male adult homogenate ( Figure 2A ) as did another antisera (antiDmPC2-C) raised against a peptide near the C-terminus of DmPC2 (not shown). These data demonstrate that the sequence addition in the first extracellular loop of DmPC2 is translated in vivo.
Expression of DmPC2 Yields Novel Ca 2ϩ -Activated Current
Drosophila S2 cells do not express detectable amounts of DmPC2 from the endogenous locus as shown by Western blot (Figure 2A ). We established stable S2 cells after transfection with DmPKD2 cDNA under the metallothionein (Mt) promoter. In the absence of CuSO 4 in the culture media, the transfected S2 cells expressed a approximately 122-kD protein band that was recognized by the anti-PKD2(29/30) antibody. Expression of this protein increased progressively over 5 d after addition of 0.6 mM CuSO 4 to the culture media ( Figure  2A) . Immunostaining of nonpermeablized DmPKD2-transfected S2 cells with anti-DmPC2(29/30) that recognizes the first extracellular loop of DmPC2 revealed that DmPC2 is present on the exterior surface of the plasma membrane as indicated by punctate staining ( Figure 2C ). An antibody against the intracellular protein nuclear lamin (NL) was used to monitor cellular permeability during the staining procedure. Upon permeabilization of the DmPC2-transfected cells, a large amount of DmPC2 and NL detected intracellularly ( Figure  2D ). We then proceeded to test the conductance of the transfected S2 cell membranes using the patch clamp technique.
Previous studies suggest that Drosophila S2 cells do not have an endogenous Ca 2ϩ -activated conductance (17, 18) . As shown in the representative current trace in Figure 3A , DmPC2 expression produced a novel population of Ca 2ϩ -activated channels in excised inside-out patches. Figure 3A compares the current recorded before and after addition of 300 M Ca 2ϩ to the bath solution. These experiments were performed in the presence of symmetric 114 mM BaCl 2 solutions in the bath and pipette. There was no spontaneous channel activity under basal conditions. After the addition of CaCl 2 , a population of channels activated rapidly and subsequently "ran down" or inactivated over the next 5 to 10 min. An identical biphasic response after CaCl 2 addition was observed in 71 out of 230 patches from DmPKD2-transfected cells. However, CaCl 2 addition had no effect on Ͼ 30 patches from CuSO 4 -treated S2 cells that were transfected with the empty pMK33/pMtHy vector (P Ͻ 0.05 by 2 analysis). Figure 3B replots the data shown in Figure 3A as the average current per 10-s interval (ϮSD), and Figure 3C illustrates a long duration record obtained from another experiment. The decays can be described by single exponential functions with time constants () of 5.4 and 5.6 min as illustrated by the curves in Figure 3 , B and C. Consistent with this estimate, channel activity ceased 10 to 15 min (i.e., 2 to 3 times ) after CaCl 2 addition in all experiments (not shown).
We quantified the calcium dose-dependence of the DmPKD2-induced channel activity; the data are summarized by the data plotted in Figure 3D . The curve shows the nonlinear fit to a Hill plot, which yielded a K M of 8.6 M and a Hill coefficient of 1.6 (R 2 ϭ 0.99). Figure 4 shows that a similar type of channel activity was also evoked in cell-attached patches from DmPKD2-transfected S2 cells after addition of the Ca 2ϩ ionophore, ionomycin. This trace is representative of three experiments. Conversely, no channel activity was observed in cell-attached patches from empty-vector transfected This is a representative current record from a cell that was treated with Cu 2ϩ for 1 d. This record was also obtained in the presence of symmetric 114 mM BaCl 2 solutions, and the holding potential was Ϫ40 mV, which accounts for the inward current deflections. This is a continuous recording, except for the exclusion of a brief approximately 15-s interval during the addition of ionomycin (1 M). These data were low passed filtered at 100 Hz and sampled at 333.3 Hz.
S2 cells (n ϭ 6) (P Ͻ 0.05 by 2 analysis). Thus, like mammalian PC2 proteins, heterologous expression of DmPC2 produced channels in the plasma membranes that were transiently activated by M levels of intracellular Ca 2ϩ .
Conductance and Ion Selectivity of Drosophila
Polycystin-2 Figure 5A shows a current-voltage (I-V) relation for the Ca 2ϩ -activated currents in DmPC2-expressing cells, which was recorded in excised inside-out patches in the presence of symmetric 114 mM BaCl 2 in the bath and pipette. The dashed line illustrates the best fit of the I-V data by linear regression (R ϭ 0.99), which yielded a conductance of 41 pS. This value underestimates the actual open channel conductance due to the fast, flickering bursting behavior shown in the current traces plotted below the I-V relations (30) . These events could not be resolved by increasing the f c of the low-pass filter due to limitations in the signal-to-noise ratio.
Figures 5B to 5D show I-V relations and representative current tracings from excised inside-out patches under asymmetric ionic conditions. These data were obtained from DmPKD2-transfected cells after addition of calcium (100 to 300 M) to the bath solutions. The results shown in Figure  5B were obtained in the presence of 114 mM BaCl 2 in the bath and reduced concentrations of Ba ϩ2 and Cl Ϫ in the pipette as described in the Materials and Methods section. The dashed line illustrates the best fit of the I-V data by linear regression (R 2 ϭ 0.99), which yielded a V rev of Ϫ29 mV. P Ba /P Cl can be calculated using this value and the ratio (340:1) suggests that Cl Ϫ permeability is limited. The results plotted in Figure 5C were obtained with 114 mM CaCl 2 in the pipette and 114 mM BaCl 2 in the bath. The dashed line illustrates the best fit of these I-V data by linear regression (R 2 ϭ 0.96). The V rev was 9.6 mV, which yields a relatively modest P Ca /P Ba of 2.0. Finally the data presented in Figure 5D were obtained with 114 mM NaCl in the pipette and 114 mM BaCl 2 in the bath. The dashed line illustrates the best fit of these I-V data by linear regression (R 2 ϭ 0.99). The V rev was 12 mV, which yields a P Na /P Ba of approximately 10.
Lanthanum Blockade of Drosophila Polycystin-2
La 3ϩ blocks mammalian PC2 and polycystin-L channel activity (6 -8) . Figure 6 illustrates the effect of LaCl 3 on a representative record of Ca 2ϩ -activated multichannel currents in DmPC2-expressing cells. Addition of 10 mM LaCl 3 to the bath solution abolished the channel activity, consistent with its effects on PC2 and polycystin-L (6 -8).
Discussion
We have cloned a Drosophila PKD2 cDNA (AY283154) that corresponds to a gene CG6504 located at cytological position 33E3 on the left arm of the second chromosome. This protein's sequence, predicted membrane topology, and structure are similar to human PC2. Using this information, it is possible to construct a simple model for DmPC2 as depicted in Figure 6A . Like human PC2 and PCL, (1,2,31) DmPC2 consists of six membrane-spanning helices, a large extracellular domain containing a well-conserved "polycystin motif" between the first two helices, and a P-loop between membranespanning domains 5 and 6 that presumably forms a conductive pore.
Transfection of DmPKD2 cDNA into S2 cells produced a novel population of channels with similar properties as mammalian PC2. (1) The channel activity had a biphasic response after addition of Ca 2ϩ to the cytosolic side, consisting of a transient activation followed by inactivation. The time constant for inactivation (5.2 Ϯ 1.0 min, n ϭ 8) was 3.5-fold to 5-fold longer than human PC2 (6) or polycystin-L, (7) which presents an advantage regarding data collection. (2) The calcium doseresponse for channel activation (K M ϭ 8.6 M) was similar to the dose-response for human PC2-induced channels in planar lipid bilayers (K M ϭ 6.7 M). (3) The Drosophila channel had a unitary conductance of 41 pS in the presence of symmetric 114 mM BaCl 2 . This compares favorably with the 46 pS conductance recently reported for endogenous human PC2 in symmetric 100 mM BaCl 2 solutions (32) . (4) Cations (Ba ϩϩ , Ca ϩϩ , and Na ϩ ) were preferred as charge carriers over anion Figure 1 . The homotetramer structure shown in panel B is suggested by the observation that heterologous expression of PC2 in a variety of system yields channels with generally similar properties. This model extends panel A based on the hypothesis that four P-loops are required for pore formation as has been described previously for other cation channels such as Cl Ϫ , as is the case for human PC2 (6) . Specifically, the permeability ratio of Ca 2ϩ to Cl Ϫ under our experimental condition is 340:1. (5) The channel showed a slightly enhanced (2:1) permeability of Ca 2ϩ versus Ba 2ϩ and it had a 10:1 preference for Na ϩ over Ba 2ϩ (6, 8) . (6) Finally lanthanum can block the channel-mediated currents for both DmPC2 and PC2 (6) . These data indicate that DmPC2 has generally similar structural and functional properties as mammalian PC2.
Mammalian PC2 channels can demonstrate voltage-dependent gating depending in part on experimental conditions and following the application of high voltages (8, 9 ). However we observed little effect of voltage on DmPC2 currents at physiologic membrane potentials. In this regard, the voltage-dependent gating of heterologously expressed polycystin-L was recently shown to be caused by a blocking effect of Mg 2ϩ (33) . Based on the known structures of homologous cation channels such as voltage dependent Na ϩ and Ca 2ϩ channels, functional PC2 channels are expected to require an assembly of four channel subunits (2, 34) . Furthermore, induction of channels with similar properties after the transfection of PKD2 in a variety of expression systems (6, 32) , including cell free systems (8) , suggests that PC2 alone may function as a channel. This study provides further credence to this notion using Drosophila. Figure 7B depicts one way that four homologous PC2 subunits may align hypothetically to form a central conductive element or pore with their P-loops. The six membrane-spanning domains and C-termini are depicted near the central part of the channel complex due to their proximity to the P-loop. The N-and C-termini of adjacent subunits are drawn near each other as PC2 channels are evolutionarily related to voltageactivated N-and T-type Ca 2ϩ channel sequences (refer to Figure 1B ) that are covalently linked in sequence. This description is not inconsistent with evidence the C-termini are important in the biochemical and subcellular localization of PC2 (6, 35) ; importantly this proposed structure accounts for a conductive pore.
DmPC2 can be used to test this model and investigate structure-function relationships for the conserved P-loop and polycystin motif. The pore region presumably defines the ionic conductance, selectivity, and blocker sensitivity. In the central portion of this sequence, there is a highly conserved, negatively charged Asp residue ( Figure 1A ) that has been hypothesized to confer Ca 2ϩ selectivity to TRP and other calcium channels (27, 34) . Similarly the extracellular polycystin motif is conserved as shown by the comparison in Figure 1A , suggesting that it has an important function. Finally, in addition to the similarities between DmPC2 and mammalian PC2 at levels of protein sequence and channel properties presented here, we recently published evidence of functional similarity (36) . Mammalian PC2 has been found to localize to primary cilia of renal epithelia where it is involved in calcium entry in response to mechanical signals such as fluid flow (11, 12) . Interestingly, DmPC2 is localized to fly sperm flagella, a special type of motile cilium (36, 37) . We generated loss-of-function mutations and found that DmPKD2 mutant males were sterile because the mutant sperm did not response to directional cues (chemical or mechanical signals) in the female reproductive tract (36) . Thus it appears that both Drosophila and mammalian PC2 functions on ciliated structures. We anticipate that the DmPC2 Drosophila model, due to its powerful genetic tools, will facilitate the identification of upstream signaling modulators that regulate PC2 channel activity, such as possible PC1 homologues, as well as the specific mediators and pathways stimulated by Ca ϩ2 entry through PC2.
